Abstract: Up to 30-50% of patients with locally advanced prostate cancer (PCa) undergoing radiotherapy (RT) experience biochemical recurrence (BCR). The immune system affects the RT response. Immunogenetics could define new biomarkers for personalization of PCa patients' treatment. The aim of this study is to define the immunogenetic biomarkers of 10 year BCR (primary aim), 10 year overall survival (OS) and 5 year BCR (secondary aims). In this mono-institutional retrospective study, 549 Caucasian patients (a discovery set n = 418; a replication set n = 131) were affected by locally advanced PCa and homogeneously treated with RT. In the training set, associations were made between 447 SNPs in 77 genes of the immune system; and 10 year BCR and 10 year OS were tested through a multivariate Cox proportional hazard model. Significant SNPs (p-value < 0.05, q-value < 0.15) were analyzed in the replication set. Replicated SNPs were tested for 5 year BCR in both sets of patients. A polymorphism in the PDL1 gene (rs4143815) was the unique potential genetic variant of 10 year BCR (training set: p = 0.003, HR (95% CI) = 0.58 (0.41-0.83); replication set: p = 0.063, HR (95% CI) = 0.52 (0.26-1.04)) that was significantly associated with 5 year BCR (training set: p = 0.009, HR (95% CI) = 0.59 (0.40-0.88); replication set: p = 0.036, HR (95% CI) = 0.39 (0.16-0.94)). No biomarkers of OS were replicated. rs4143815-PDL1 arose as a new immunogenetic biomarker of BCR in PCa, giving new insights into the RT/immune system interaction, which could be potentially useful in new approaches using anti-PDL1 therapies for PCa.
Introduction
Prostate cancer (PCa) is one of the current major health problems, considering its high prevalence. Radical radiotherapy (RT), either alone or in combination with hormone therapy (HT), is the treatment of choice for locally advanced PCa. Nonetheless, a non-negligible percentage of patients relapse, with biochemical recurrence (BCR) being detected in 30-50% of patients. BCR is closely connected Table 1 . Pathological characteristics of analyzed prostate cancer patients. Data from the training set, replication set, and combined datasets are reported. Statistical analyses were performed to evaluate whether training set and replication set were homogeneous. The results are reported here. Abbreviations: RT: radiotherapy; BCR: biochemical recurrence; OS: overall survival. In the training set, most genetic analyses (331/447 assays-74.05%) had a genotype call rate of higher than 95.00% (range: 76.32-100.00%). In the replication set, genetic analyses had an average genotype call rate of 97.26% (range: 75.57-100.00%).
Associations of SNPs with 10 Year BCR
In the training set, PSA levels at diagnosis, age, Gleason score, hormone therapy, and tumor grade were strongly associated with 10 year BCR and were used as covariates for multivariate analysis. Nineteen SNPs were significantly associated with 10 year BCR (p < 0.05 and q < 0.15) ( Table 2) .
The association between rs4143815-PDL1 and 5 year BCR was tested. Interestingly, significant associations were found both in the training set (p = 0.009, HR (95% CI) = 0.59 (0.40-0.88) and replication set (p = 0.036, HR (95% CI) = 0.39 (0.16-0.94)) ( Figure 1) . However, the association between rs1411262-PDL1 and 5 year BCR was significant only in the training set (Supplementary Figure S1) . Table 2 . Association between SNPs and BCR. Hazard ratio (HR) and 95% confidence interval (95% CI) in the discovery (n = 411) and replication (126) sets according to gene polymorphisms (SNPs) are listed. Only SNPs that were significant (p < 0.05 and q < 0.15) in the discovery set are reported. Results obtained in the replication cohort are listed. The rs4143815-PDL1 is shown in bold: it presents the same predictive effect in both groups (HR < 1) and is associated with BCR in the replication set with a trend. 
Gene

Associations of SNPs with 10 Year OS
In the training set, rs3918262-MMP9, rs7692791-VEGFR2, and rs2034967-VEGFR2 were significantly associated with 10 year OS (Table 3) . Some significant associations were observed in the replication set. 
Discussion
Identification of predictive or prognostic immunogenetic markers is mandatory for a more complete understanding of the biomolecular mechanisms connecting RT and the immune response. The relationship between RT and the host immune response is also attracting new interest due to new immunotherapeutic treatments.
To address the clinical utility of the host immunogenetic biomarker in PCa, we developed a retrospective immunogenetics study of locally advanced PCa patients homogeneously treated with RT. The primary aim was to define 10 year biomarkers, while the secondary aims were defining biomarkers for 10 year OS, and analyzing associations between previously-defined prognostic biomarkers and 5 year BCR. Surprisingly, among the 447 analyzed SNPs, the only new potential immunogenetic variant of 10 year BCR was rs4143815-PDL1. Interestingly, it was significantly associated with 5 year BCR.
PDL1 is expressed in 20-50% of human cancers [9] , including PCa [10] . PDL1 negatively regulates the immune response blocking the activation and proliferation of T cells expressing PD1 on their surface, playing a key role in the so-called cancer-immunity cycle, the mechanisms exploited by the immune system to effectively kill cancer cells [11] . PDL1 is also expressed in some immune cells (T and B lymphocytes and dendritic cells [12] ), strongly highlighting its direct involvement in immune system activity and modulation. This has led to the development of cancer immunotherapies addressing PD1-PDL1 interaction, like nivolumab, pembrolizumab, durvalumab, and atezolizumab, which have been already integrated into the treatment of some solid tumors as advanced renal cell carcinoma, non small cell lung cancer (NSCLC), bladder cancer, and melanoma.
Usually, PCa is considered as an immunologically "cold" cancer. This assumption renders the immune therapy unconceivable in this clinical setting. However, an increasing amount of preclinical and clinical data have demonstrated the existence of immune mediators in PCa tissue, which increases the importance of investigations into the effect of the immune system on the definition of RT response. To go one step further, the definition of the potential role of immune therapy in PCa, and in combination with traditional treatments as RT, represents a new challenge [13] [14] [15] . Accordingly, many ongoing clinical trials are analyzing the potentialities of PD1/PDL1 inhibitors in PCa (clinivaltrials.gov) [16] [17] [18] .
The rs4143815-PDL1 has been previously proposed as a potential biomarker of gastric adenocarcinoma risk [19] and of NSCLC risk [20] , and as a potential prognostic biomarker of OS in patients affected by NSCLC, lung adenocarcinoma, and squamous cell carcinoma who underwent curative surgical resection [21, 22] . This SNP is located in the 3 UTR of PDL1 in the miR-570 binding site, modulating its expression [19] . Moreover, rs4143815-PDL1 is linked with rs10815225-PDL1, a promoter variant involved PDL1 expression regulation [23] . Expression control of PDL1 plays a central clinical role, since its overexpression is a bad prognostic marker. It is correlated with tumor size, lymph node involvement, and patient prognosis [24] [25] [26] .
Data from our study demonstrated that rs4143815-PDL1 can be considered as a new prognostic biomarker for 10 year BCR in locally advanced PCa after RT. This SNP was significantly associated with 5 year BCR in both sets of patients.
Some issues are worth discussing. Usually, 5 year biomarkers are investigated and proposed to be integrated into clinical practice. This approach allows the prediction of most events, but not all. In accordance with the literature, most events in our study fell within 5 years from the end of RT (82.93% in the training set and 78.12% in the replication set). However, a non-negligible percentage of patient relapses occurred in the period spanning from 5 to 10 years (14.63% in the training set and 21.88% in the replication set), supporting the interest in biomarkers calculated over a longer period of time (Table S1 ).
This study was performed on germline DNA, where through a minimally invasive procedure (a blood drawn or a saliva sample), it is possible to obtain a biomarker that potentially could predict the risk of relapse in the following 10 years.
This study was performed with a pathway candidate approach based on a literature analysis. At present, other approaches are preferred, such as NGS studies. NGS clearly represents the future. Nonetheless, these analyses are still very expensive, requiring thousands of patients, and bioinformatics needs to evolve to face all the challenges associated with this approach. The design of our study, based on a pathway candidate approach, was supposed to give reliable and solid results that could be easily implemented in PCa management. Indeed, these results were obtained using well-balanced discovery and replication sets. Moreover, a solid statistical approach was applied. Multivariate analyses were performed using clinical parameters (i.e., PSA levels at diagnosis, age, Gleason score, hormone therapy, and tumor grade) significantly associated with 10 year BCR in accordance with the literature. In the discovery set, the FDR was applied with a strict cut-off (q-value < 0.15) to overcome the problem related to multiple testing.
The most significant limitation of this study is the relatively small number of patients included in the replication set, which reduces the statistical power of this analysis. Another point that should be addressed is that we did not analyze samples from tumor tissues. The concomitant analysis of germline and somatic DNA, and of protein expression, could clearly shed light on the clinical role of PDL1 in PCa. In light of this, it is feasible that a signature that considers not only genetic information, but also other "-omics" data and clinical parameters known to play roles in determining patients' prognosis, could be the key to completely unravelling this issue. A wider approach like this could pave the way to a real clinical improvement in PCa treatment.
Materials and Methods
Patient Cohorts and Treatment
Between 2003 and 2008 at the CRO National Cancer Institute, Aviano (Italy), 549 locally advanced PCa patients were enrolled. All underwent a primary RT based regimen, with or without HT. The eligibility criteria were a histologically-confirmed diagnosis of locally advanced primary PCa, Caucasian ethnicity, age ≥ 18 years, a performance status (according to ECOG) of 0-2, and a life expectancy longer than 6 months. The exclusion criteria were no local disease control, impaired liver and renal function, comorbidities that rendered RT not possible, and relevant cardiovascular diseases. More details about patients' treatment and eligibility criteria have already been published in [27] .
According to the study's purposes, patients were split into a discovery set (n = 418) and a replication set (n = 131), both well-balanced for clinical and pathological parameters ( Table 1) .
All patients signed a written informed consent for research purposes before entering this study, and all procedures were reviewed and approved by the Institutional Review Board of the CRO National Cancer Institute (11 May 2011; n • CRO-2011-18).
SNPs Selection
For this study, 576 SNPs localized in 77 genes related to immune system activity and analyzable with the BeadXpress platform (Illumina, Inc., San Diego, CA, USA) were defined ( Figure S1 ).
Genes connected with the immune system and cancer were selected with a literature analysis. The blocks of SNPs with strong linkage disequilibrium (r 2 ≥ 0.80) and MAF ≥ 0.05 in the Caucasian population were defined, and their genomic coordinates were analyzed with Haploregv2 software. Polymorphisms were prioritized according to their biological effect reported in the literature or predicted according to the SNPinfo web server (https://snpinfo.niehs.nih.gov/).
Polymorphisms with a high final score (≥0.7) and optimal designability (=1) according to the Illumina assay design tool were selected.
SNP Genotyping
The genomic DNA of PCa patients was extracted from peripheral blood samples using the automated extractor BioRobot EZ1, in association with the "EZ1 DNA Blood Kit 350µl" (Qiagen SPA, Milano, Italy), and stored at +4 • C until the time of this study.
Genomic DNA samples in the training set were analyzed using the Illumina BeadXpress platform (Illumina, Inc., San Diego, CA, USA). Fluorescence was detected with VeraScan software (version 2.0, Illumina, Inc., San Diego, CA, USA). GenomeStudio software 2010 (Illumina Inc., San Diego, CA, USA) was applied for genotype clustering, using a SNP call-threshold of 0.25 (on a scale of 0-1). Clusters were visually inspected and manually reviewed to ensure high quality data.
Only SNPs that showed significant results in the training set were analyzed in the replication set. SMAD3-rs7162912, PDL1-rs4143815, SMAD2-rs4940086, VEGFR2-rs12498529, IL2RB-rs84460, SMAD3-rs9302242, and PDL1-rs1411262, defined using pre-designed TaqMan SNP genotyping assays with the Applera TaqMan Universal Master mix, were used on ABI 7900HT (AB Applied Biosystem, Foster City, CA, USA). STAT1-rs16824035 was determined using Sanger sequencing (Biotage, Uppsala, Sweden), performing PCR amplifications in an Eppendorf Mastercycler gradient with TaqGold DNA polymerase (AB Applied Biosystem, Warrington, UK). VEGFR2-rs2034967, miR641-rs11880261, VEGFR2-rs7692791, and MMP9-rs3918262 were characterized using an allele-specific PCR with KASPar (KASP) reagents (LGC Genomics, Hoddesdon, United Kingdom). All of these analyses were performed according to the manufacturers' instructions, including negative and positive controls.
Statistics: Identification of New Prognostic Biomarkers of BCR and OS
The primary aim of this study was the identification of new potential biomarkers of 10 year BCR. Time at risk for BCR was defined as the interval time between the end of RT and an increase of PSA ≥ 2 ng/mL above the serum lowest level. The first secondary aim was the definition of new potential biomarkers of 10 year OS. This analysis was performed considering the interval time from the date of diagnosis to the date of death or last known follow-up, whichever came first (Figure 2) . The other secondary aim was to determine whether replicated biomarkers were significantly associated with 5 year BCR.
In the training set, a multivariate Cox proportional hazard analysis was applied to test the associations between 10 year BCR and Gleason score, serum PSA level at diagnosis, age at diagnosis, TNM stage, D'Amico risk classes, and stage. Clinical parameters which featured significantly in this analysis were then used as covariates for both BCR and OS.
In the training set, associations between SNPs and 10 year BCR and 10 year OS were tested considering dominant, recessive, and additive genetic models. The best one was selected according to the Wald test. Hazard ratios (HRs) and 95% confidence intervals (95% CIs) were computed through a multivariate Cox proportional hazard model. False discovery rate (FDR) analysis was performed to reduce the number of false positive results. Consequently, significant SNPs were defined considering both the p-value (<0.05) and q-value (<0.15).
Only SNPs featuring significantly in the training set results for 10 year BCR and 10 year OS were analyzed in the replication set, testing the same genetic model that emerged in the training set. Prognostic markers were those SNPs which featured significantly in both groups and showed a concordant genetic effect (both HR< or >1). Replicated SNPs were tested for 5 year BCR in both sets of patients. Kaplan-Meier curves with the log-rank test were used to visualise the validated results. All the statistical analyses were performed using 'R' statistical package version 3.4.3. of patients. Kaplan-Meier curves with the log-rank test were used to visualise the validated results. All the statistical analyses were performed using 'R' statistical package version 3.4.3. Figure 2 . Study design. Firstly, analyses were performed on a discovery set and secondly, in a replication set. At the end of the study, rs4143815-PDL1 arose as a new potential immunogenetic biomarker of 10 year and 5 year BCR in locally advanced prostate cancer. Abbreviations: PCa, prostate cancer; BCR: biochemical recurrence; OS: overall survival; pts: patients.
Conclusions
This study defined rs4143815-PDL1 as a new potential immunogenetic biomarker of BCR in locally advanced PCa patients undergoing RT, giving new insights into the correlation between RT and the immune system. If validated in prospective studies, it could be potentially implemented into clinical practice not only to stratify patients according to their risk of relapse, but also to potentially define those eligible for new immune therapies.
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